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Abstract. Direction finding (DF) systems are fundamental electronic support measures for electronic warfare.
A number of DF techniques have been developed over the years; however, these systems are limited in
bandwidth and resolution and suffer from a complex design for frequency downconversion. The design of
a photonic DF technique for the detection and DF of low probability of intercept (LPI) signals is investigated.
Key advantages of this design include a small baseline, wide bandwidth, high resolution, minimal space, weight,
and power requirement. A robust postprocessing algorithm that utilizes the minimum Euclidean distance detec-
tor provides consistence and accurate estimation of angle of arrival (AoA) for a wide range of LPI waveforms.
Experimental tests using frequency modulation continuous wave (FMCW) and P4 modulation signals were con-
ducted in an anechoic chamber to verify the system design. Test results showed that the photonic DF system is
capable of measuring the AoA of the LPI signals with 1-deg resolution over a 180 deg field-of-view. For an
FMCW signal, the AoA was determined with a RMS error of 0.29 deg at 1-deg resolution. For a P4 coded signal,
the RMS error in estimating the AoA is 0.32 deg at 1-deg resolution. © 2018 Society of Photo-Optical Instrumentation Engineers
(SPIE) [DOI: 10.1117/1.OE.57.2.024103]
Keywords: direction finding; low probability of intercept signals; minimum Euclidean distance detection; microwave-photonics; Mach–
Zehnder modulator; angle of arrival.
Paper 170846 received Jun. 30, 2017; accepted for publication Jan. 9, 2018; published online Feb. 12, 2018.
1 Introduction
Direction finding (DF) methods are used to intercept and
measure the angle of arrival (AoA) of incident radio fre-
quency (RF) waveforms and are sometimes referred to as
radiolocation systems. They are often used to estimate the
geographical direction or true bearing of an emitter and
have applications in navigation and law enforcement. Other
applications include electronic signal intelligence, electronic
warfare, signal identification, search and rescue and iono-
spheric research. The DF processing may be accomplished
with the intercept receiver using a separate subsystem that is
not involved in the signal acquisition and analysis (tasked
DF). Another approach is to perform the DF as part of the
signal acquisition process. By today’s standards, a high-
performance DF array should have high angular (spatial)
resolution, a wide frequency bandwidth, a wide field-of-view
(FoV), a minimum number of array elements, and a mini-
mum baseline length.
One particularly difficult RF emission to DF is the output
from a low probability of intercept (LPI) radar. The LPI radar
tries to maximize its detection range while minimizing the
range at which the intercept receiver can detect its transmis-
sion (to see and not be seen). The properties of the LPI radar
output that make it “quiet” or difficult to intercept include
continuous waveform (CW), low power, phase and/or fre-
quency modulations, frequency variability, and infrequent
(or no) antenna scan modulation. Currently, there is extensive
use of low-power, analog frequency modulation CW
(FMCW) radar systems that are very difficult to detect.1 The
advancements in digital and solid-state technologies have led
to even quieter radar systems transmitting special types of
waveforms that use complex polyphase modulations with
the objective of preventing interception, detection, and track-
ing by the non-cooperative intercept receiver.2 For example,
missiles equipped with LPI seekers become a formidable
threat as they can home-in on the target emitter without it
even realizing its being tracked. To this end, much attention
has been placed on developing new and effective technolo-
gies and techniques to detect the LPI threat waveform and to
estimate its AoA.
The DF techniques can be broadly classified into five cat-
egories: the use of amplitude only, phase only, amplitude and
phase, super-resolution, and microwave-photonics. For the
AoA techniques based on amplitude only, a set of spatially
separated signal amplitude samples are collected in two or
more adjacent receiver channels and the emitter’s AoA is
determined by comparing the received amplitudes (some-
times referred to as amplitude-comparison monopulse). The
FoV can approach 360 deg with a DF accuracy of 2 deg to
12 deg depending on the number of antenna elements used.
Linear or circular3–5 DF phase interferometry uses phase
sampling of the intercepted signal at each spatially distrib-
uted array element. The phase difference between adjacent
pairs of antenna elements with baseline spacing greater than
a half-wavelength results in the well-known AoA ambiguity
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problem. The problem extends from the fact that the phase
difference is in the form of a periodic sawtooth folding wave-
form as a function of the AoA. Consequently, the AoA esti-
mate from a single baseline phase difference is ambiguous
since it corresponds to several AoAs. Typically, a third
element is added to the baseline with an interelement spacing
designed to successfully resolve the ambiguity.6,7 A direct
relationship can be considered between the phase difference
(sawtooth folding waveform) and a residue number system
modulus. In this case, the Chinese remainder theorem can be
used to solve the congruence equations and estimate the
AoA.8,9 Correlation between the theoretical and measured
phase differences is also widely used for wideband AoA
measurement.10,11 Amplitude information can also be com-
bined with the phase interferometer processing for a more
efficient estimation of the AoA. To obtain the discriminating
amplitude information, the antenna elements can be set at an
angle (or squinted) functioning as both an interferometer and
an amplitude comparison monopulse system. A DF system
consisting of two squinted antennas that function both as
a phase interferometer and as an amplitude comparison
monopulse system is reported in Ref. 12. Rotating a high
gain antenna with a small instantaneous FoV (e.g., 1 deg to
15 deg) over a total FoVof 360 deg can also be used to com-
pute the emitter’s AoA. These rotating (spinning) DF tech-
niques have good sensitivity and accuracy over a large
bandwidth.13
From the development of the first laser diode in 1962,14
the use of photonics to address microwave signaling issues
has grown rapidly (see, for example, Refs. 15–17). Recently,
integrated optics has started to play a significant role in
microwave digital receivers and DF architectures. Arguably,
the most important system device is the integrated optical
Mach–Zehnder modulator (MZM) most often built using
LiNbO3 guided-wave technology. The MZM is an interfer-
ometer consisting of an input waveguide that is split into two
parallel optical waveguides. The input waveguide is con-
nected to a source laser (typically 1550 nm). A pair of elec-
trodes, for example, is placed about one of the guides with
one connected to ground and the other to a voltage source
(e.g., an antenna). The signal from the antenna impinging
upon the electrode creates an electric field through the wave-
guide changing its index of refraction. This phase modulates
the laser and depending on the antenna voltage, the laser
signals in both waveguides recombine constructively (or
destructively) at an output waveguide. For no path length
difference (antenna voltage Va ¼ 0), the signals combine
in-phase for a maximum output. For Va ¼ Vπ, the signals
combine destructively, out of phase for a minimum output.
A photo detector at the output then converts the optical signal
into an electrical signal.
The MZM is of special interest for microwave digital
receivers due to its capability of efficiently coupling high
frequency, wideband antenna signals directly into the
optical domain for signal processing or direct digitization.
This is due to the large bandwidth available for the MZM
(B > 50 GHz).18–20 The use of the MZM in a four-antenna
wideband DF system is described in Ref. 21. Using a single
MZM, the output of a solid-state laser (1550 nm) is amplitude
modulated by a local oscillator (LO). The modulated LO sig-
nal is then split into four channels, each having an MZM to
couple the RF antenna signal onto the LO performing as
a downconversion circuit. Accuracy better than 0.1 deg is
achieved at 10 GHz with a bandwidth of 2 to 18 GHz.
A broadband DF system using a pair of MZM-antenna sets
integrated in an overall parallel configuration is reported in
Ref. 22. Here, the laser output is split into two parallel
MZMs and their outputs are then recombined. The direction
of arrival is determined from the time delay measurement
due to the antenna spacing. In another recent MZM configu-
ration, each parallel waveguide has an independently driven
electrode port. The dual-port arrangement of the electrodes
allows the MZM to be driven by two separate antenna inputs.
In Ref. 23, the dual-port MZM (DE-MZM) is configured as
a “phase difference detector” and the two antenna signals are
applied independently to the electrodes. The MZM-DE mod-
ulates the intensity of a CW laser to generate a signal that is a
function of the phase difference due to the spatial separation
of the antenna elements. Here, a microwave-photonic direct
DF antenna was demonstrated, where each detector output
was encoded with a robust symmetrical number system
(RSNS) encoding of the modulator’s envelope response.
Fine angular resolution is demonstrated using a smaller
baseline than is typically required for linear arrays.
In this paper, we present the design and successful dem-
onstration of a real-time microwave-photonic DF system
using a combination of three integrated optical MZM-DE
phase detectors and a new encoding method for resolving
the ambiguities over the FoV. Key advantages of this hard-
ware design include a small baseline antenna with a minimal
size, weight, and power requirement making it suitable for
deployment on a wide variety of platforms, including minia-
ture air-launched vehicles. In addition, the wide bandwidth
of the photonic system allows direct inception of the RF sig-
nal with low latency to provide a high DF resolution elimi-
nating the need for frequency downconversion. A parallel
arrangement of three dual-port MZMs is configured to cou-
ple the antenna signal directly into the optical domain. Major
efforts were made to minimize the RF front-end design to
improve the system sensitivity. The postprocessing algorithm
to resolve the symmetrical ambiguities is robust and utilizes
a minimum Euclidean distance detector (MEDD) to provide
consistence and accurate estimation of the AoA for a wide
range of LPI waveform modulations. The feasibility of the
hybrid concept was evaluated through experimental testing
in an anechoic chamber using two complex LPI signal mod-
ulations (fc ¼ 2.4 GHz) with notable and consistent AoA
results. A simulation model is built to help verify the system
response to two LPI signals. Two CW modulations often
used for LPI radar are analyzed and include linear FMCW
and P4 polyphase modulation—both waveforms at a carrier
frequency of 2.4 GHz. For the FMCW signal, it was dem-
onstrated that the system was capable of estimating the AoA
with an RMS error of 0.29-deg at 1-deg resolution. For the
P4-coded CW signal, the RMS error in estimating the AoA
was 0.32-deg at 1-deg resolution.
2 Microwave Photonic Direction Finding
Architecture
The DF architecture is shown in Fig. 1. The system can
be broadly described as two subsystems, which consist of
the first stage front-end microwave photonic circuitry that
conditions the input signals and optimizes them for sub-
sequent analog to digital conversion, and the second stage
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of photonic phase detection and signal postprocessing, where
the unique encoding method is implemented.
2.1 Antenna Array Design and the Robust
Symmetrical Number System
The front-end of the system is made up of the antenna array,
which is used to convert RF electromagnetic (EM) waves
into electrical signals. The antenna design used four slot-
ted-dipole elements consisting of a reference, and elements
1, 2, and 3, as shown in Fig. 1. To minimize the effect of
interference, the antenna array was mounted on a solid
aluminum plate (0.3 m × 0.9 m) to act as a ground plane.
To provide an adequate signal-to-noise ratio with a low noise
figure and to overcome the insertion loss of the cabling, the
antenna element outputs were supplied to a pair of low noise
amplifiers (LNA 2700). Two LNAs were used so not to push
the gain requirement all onto one device due to saturation
considerations. A variable attenuator (ZX73-2500+) was
introduced in order to provide equilibrium between channels
and the reference. The measurements were carried out on
CW LPI signals at a frequency of 2.4 GHz. This is the
highest design frequency. Frequencies below this design
frequency cause the detected phase difference folding wave-
form to have a larger folding period. Since the MZM is
the same in each channel, the folding periods change in the
same manner. The separation distance between each interfer-
ometer antenna element and the reference antenna is based
on a RSNS encoding and FoV requirement.23
The RSNS is a modular system consisting of N ≥ 2 inte-
ger sequences with each sequence associated with a coprime
modulus mi from the set fm1; m2; : : : ; mNg. Each integer
within a RSNS sequence is called a symmetrical residue and
corresponds to a single subcode within the phase code
sequence. The symmetrical residues RS 0mi , with i being
the number of sequences used and mi being the modulus
of the i’th sequence, is generated as follows:
EQ-TARGET;temp:intralink-;sec2.1;326;416fRS 0mig ¼ ½0; 1; 2; : : : ; mi − 1; mi; mi − 1; : : : ; 2; 1#:
To form the N-sequence RSNS, each term in Eq. (1) is
repeated N times in succession. The integers within one
folding period of a sequence are then
EQ-TARGET;temp:intralink-;sec2.1;326;351fRSmig ¼ ½0; 0; : : : ; 0; 1; 1; : : : ; 1; : : : ; mi − 1; : : : ; mi − 1;
mi; mi; : : : ; mi; mi − 1; : : : ; mi − 1; : : : ; 1; : : : ; 1#:
This results in a periodic sequence with a period of 2Nmi.
Each sequence corresponding to mi is also shifted left (or
right) by si ¼ i − 1, where i ∈ f1; 2; : : : ; Ng with the shift
values si ∈ fs1; s2; : : : ; sNg forming a complete residue sys-
tem modulo N. Each sequence is extended periodically with
period 2Nmi as xhþn2Nmi ¼ xh, where n ∈ f0;%1;%2; : : : g.
Therefore, xh is a symmetrical residue of hþ n2Nmi
ðmod2NmiÞ. The resulting structure of the N sequences
ensures two successive RSNS vectors (paired terms from all
N sequences), when considered together, differ by only one
integer. This “integer gray code” property is illustrated in
the N ¼ 3 example below:
EQ-TARGET;temp:intralink-;sec2.1;63;135
64
0 0 0 1 1 1 2 2 2 : : : m1 m1 m1 : : : 1 1 1 0 0 0 1 1 1 : : :
1 0 0 0 1 1 1 2 2 2 : : : : : : m2 m2 m2 : : : 1 1 1 0 0 0 1 : : :
1 1 0 0 0 1 1 1 2 2 2 : : : : : : : : : m3 m3 m3 : : : 1 1 1 0 0 : : :
3
75:
Fig. 1 Architecture of microwave-photonic DF system.
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The dynamic range M̂ is the greatest length of combined
sequences without ambiguities. Closed-form expressions for
M̂ have been reported for specific cases. For N ¼ 2,
EQ-TARGET;temp:intralink-;e001;63;719M̂ ¼
!
4m1 þ 2m2 − 5; when m2 ≤ m1 þ 2
4m1 þ 2m2 − 2; when m2 ≥ m1 þ 3
; (1)
with 5 ≤ m1 ≤ m2.24 For N ¼ 3 and moduli of the form
2r − 1; 2r; 2r þ 1:
EQ-TARGET;temp:intralink-;e002;63;653M̂ ¼ 3ð22r−1 þ 2r−1 þ 2rÞ þ 1: (2)
For the DF array, r ¼ 3 and mi ¼ f7; 8; 9g with






where ξ is a FoV scale factor. The design shown uses
ξ ¼ 1.155 due to FoV end-fire considerations. For the
RSNS encoding, N ¼ 2 moduli provides a linear increase in
the dynamic range. However, for N ¼ 3, the dynamic range
tends to grow exponentially resulting in a more efficient
encoding. With the RSNS, N ¼ 3, and mi ¼ f7; 8; 9g, M̂
was computed to be M̂ ¼ 133 and the antenna separation
distances (from the reference) were configured d1 ¼
17.77 cm, d2 ¼ 20 cm, and d3 ¼ 22.85 cm.
The normalized value of the detector output voltage due





¼ j sinðψ∕2Þj (4)




In summary, the RSNS decomposes the analog spatial fil-
tering (DF) operation down into a number of parallel subop-
erations (moduli) of smaller complexity. One two-element
DE-MZM is used for each suboperation and requires a pre-
cision only in accordance with its modulus. A much higher
spatial resolution is achieved after the spatial filtering results
of the low-precision suboperations are recombined.
2.2 Photonic Front-End
A CW laser with output power of 500 mW operating
at 1550 nm was used as the DE-MZM input source.
The laser was split (1 × 3) to the three DE-MZMs
(FTM7921ER). The magnitude of the optical signal at the
output of the DE-MZM corresponds to the phase difference
between the two antennas. The phase difference is converted
to an electrical signal using a photodetector (1014PD). The
optical mixing of the RF signals from the reference and
measurement channel using an optical DE-MZM and exter-
nally modulated CW laser carrier eliminates the need for
RF/IF downconversion. Unlike conventional superhetero-
dyne receivers, the electro to optical conversion process with
the MZM allows for optical sampling as high as 1 THz by
distributed feedback lasers. Therefore, it has the potential to
provide very wideband frontend phase detection without
the need for signal downconversion. The schematic of the
DE-MZM is shown in Fig. 2.
First, consider the electric field propagating in the two
electrodes of the MZM given by
EQ-TARGET;temp:intralink-;e006;326;548 1 ¼ A sin 2πft (6)
and
EQ-TARGET;temp:intralink-;e007;326;506 2 ¼ A sinð2πftþ ϕÞ; (7)
where A is the field amplitude, f is the frequency of the RF
signal propagating along the electrode, t is time, and ϕ is the
total phase difference between the two E-fields. The MZM
devices are typical so that the RF electrical field and the laser
signal travel together along the length of the electrode. The
resultant output of the MZM is given by
EQ-TARGET;temp:intralink-;e008;326;414 ¼ E1 − E2 ¼ A sin 2πft − A sinð2πftþ ϕÞ (8)
and can be rewritten using trigonometric identity as











That is, the output of the MZM consists of the product of
two cosine expressions. The first frequency component is
removed by the envelope detector in the subsequent stage,
leaving the second term proportionate to the phase difference
between the RF signals at the two electrode arms of the DE-
MZM. A typical transfer function is shown in Fig. 3. The
voltage Vπ is the range of the transfer function and Vbias
is an offset voltage often coupled onto the RF input to ensure
that the system operates in the linear region of the transfer
function.
Simulation of the stimulated response of the microwave-
photonics DF system with a linear FMCW input is shown in






Fig. 3 MZM transfer function.
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Fig. 4. The model was injected with a linear FMCW signal
at 1-kHz carrier frequency with modulation bandwidth of
500 Hz and modulation period of 20 ms, and the AoA
was varied from −90 deg toþ90 degwith 1-deg resolution.
It can be observed from the figure that each degree step pro-
vides a set of three unique amplitudes that can be used for
AoA matching in the signal processing stage.
2.3 Minimum Euclidean Distance Detector and
Compact-RIO FPGA
The National Instruments cRIO field programmable gate
array (FPGA) system was used as the postdetection signal
acquisition and processing subsystem. The cRIO system
consists of a real-time controller operating at 400 MHz
with 64 MB of volatile memory and 128 MB of data storage,
a Virtex-5 FPGAmodule to provide high-speed deterministic
sampling of the DF channels with four analog input channels
with sampling rate up to 100 k samples/s. Data transfer
between the cRIO and the signal processing computer
was in real time (deterministic) since the LPI waveforms
are nonstationary and may exist only for a brief duration.
The sampled data were transferred to the real-time processor
via direct memory access ensuring that no overflow occurred
in the data buffer within the FPGA. Finally, to prevent buffer
overflow in its volatile memory, the sampled data are trans-
ferred to the host computer for further processing and storage
via the network stream protocol, which utilized TCP protocol
to ensure reliable data transfer.
The AoA estimation is done by passing the raw data
(or symmetrical residues) through a MEDD. A significant
improvement was achieved by estimating the AoA using
a MEDD as follows:
EQ-TARGET;temp:intralink-;e010;63;147 infd2ðx̃; s̃iÞg ¼ minfkx̃ − s̃ik2g; (10)
where ~x is the measured phase differences (n-tuple) of the
input signal vector and ~si is a set of 181 basis vectors that
represent the unambiguous AoA from −90 deg to þ90 deg
with 1-deg resolution. That is, d2ð~x; ~siÞ measures the
Euclidean distance between the n-tuple of symmetrical
residues (input) and the set of basis vectors stored (AoA).
In the absence of noise, the input signal vector will match
exactly to one of the 181 basis vectors. The AoA is then
the angle represented by the basis vector. In the presence
of receiver noise, the minimum Euclidean distance, d, pro-
vides the closest match of ~si and the corresponding AoA.
Due to the RSNS gray code property, we show that this map-
ping is extremely accurate. A partial mapping of the basis
vectors is shown in Table 1.
3 Test Setup and Data Collection
The tests were conducted in an anechoic chamber at the
Naval Postgraduate School, Spanagel Hall. The system was
calibrated prior to data collection and test results for FMCW
and P4 signals were collected on two separate occasions.
The first test was conducted on July 6, 2016, and the second
test was conducted on July 13, 2016.
The parameters for the LPI signals are as follows:
1. P4-coded signal
• Carrier frequency = 2.4 GHz
• 6400 samples were generated on a 200-MHz
clock rate
• Number of unique phases, Nc ¼ 64 (100 samples
to represent each phase and the phase period
is 0.5 μs).
• The number of carrier cycles for each phase
value, cpp ¼ 120
2. Linear FMCW signal
• Carrier frequency = 2.4 GHz
Table 1 Partial mapping of scaled phase difference basis vectors
(~si ).
AoA S1 S2 S3
−90 0.003089 0.05508 0.01303
−89 0.003881 0.07475 0.01623
−88 0.001425 0.09788 0.01942
−87 0.002298 0.1279 0.02405
−86 0.005545 0.1661 0.02901
−85 0.008873 0.2112 0.0347
..
.
84 0.006461 0.146 0.164
85 0.004412 0.1283 0.1309
86 0.002364 0.108 0.1035
87 0.000709 0.09708 0.08194
88 0.00193 0.08759 0.06509
89 0.002364 0.0845 0.0535


















Fig. 4 Simulated response of microwave-photonics DF system with
linear FMCW input.
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• Modulation bandwidth = 100 kHz
• Modulation period = 100 ms
4 Test Results
4.1 P4-Coded Signal
The raw data collected were postprocessed to remove
corrupted data due to propagation effects within the anechoic
chamber. The postprocessed data are shown in Fig. 5.
The AoA estimation was done by passing the data
through the MEDD in the signal processor. The AoA esti-
mation shown in Fig. 6 demonstrates the system capability
to perform DF on P4 signals. The RMS error is 0.3205 deg,
as shown in Fig. 7. Also observed is that the system has a
tighter error bound between −45 deg and 45 deg and a larger
error bound as the AoA tends toward the end-fire limits of
−90 deg and þ90 deg.
Fig. 5 P4 data after postprocessing and normalization.
Fig. 6 P4 AoA estimations for angle sweep from −90 deg to
þ90 deg.






–80 –60 –40 –20
Angle of arrival (deg)




Fig. 8 FMCW data after postprocessing and normalization.
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4.2 Linear Frequency-Modulated Continuous Wave
The postprocessed data are shown in Fig. 8. The AoA esti-
mation is shown in Fig. 9 and demonstrates the system
capability to perform DF of FMCW signals. The RMS
error is 0.2904 deg, as shown in Fig. 10. We can also observe
that the system has a relatively tight error bound between
−80 deg and þ80 deg and a larger error bound as the
AoA tends toward the end-fire limits of −90 deg and
þ90 deg. This conclusion remains consistent with the data
collected for P4 signals.
5 Concluding Remarks
We have reported on the design, test, and evaluation of a
compact, microwave photonic system capable of measuring
the AoA of an incoming LPI waveform without the need for
downconversion. The system uses a DE-MZM as a phase
detector in a three-channel configuration based on an RSNS
encoding. The RSNS decomposes the analog spatial filtering
(DF) operation down into a number of parallel suboperations
(moduli) of smaller complexity. One two-element DE-MZM
is used for each suboperation and requires a precision only in
accordance with its modulus. A much higher spatial resolu-
tion is achieved after the spatial filtering results of the low-
precision suboperations are recombined. A postprocessing
algorithm that utilizes the MEDD provides consistence and
accurate estimation of AoA for a wide range of LPI wave-
forms. Two LPI modulations were evaluated, a FMCW and
polyphase P4 CW. Future efforts include flight testing the
compact design and further investigation into the handling
of other LPI modulations present both separately and simul-
taneously impinging on the array.
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